Previous work in our laboratory showed that Chinese listeners had significantly higher thresholds of vowel formant discrimination than American English listeners, possibly due to a sparse vowel system in Chinese but a crowded vowel space in American English. Considering that the two languages have similar consonant densities (i.e., similar numbers of consonants), we hypothesized that English and Chinese listeners might have similar thresholds of spectral discrimination of consonant stimuli. Thresholds of spectral shift in the English consonants, /s/ and /th/, were measured in an isolated form and in a VCV context for both English and Chinese listeners. Results showed that there was no significant difference in consonant discrimination thresholds between the two groups of listeners for either isolated or VCV consonants. These findings support the hypothesis that phonemic density may play an important role in spectral discrimination of speech sounds.
INTRODUCTION
Several recent cross-linguistic studies have suggested that vowel density had significant effects on vowel perception. For example, native Spanish listeners showed greater tolerance of vowel identification (Meuier et al., 2003) than native English listeners because of the less dense vowel system in Spanish. Liu et al. (2012) reported that English listeners discriminated formant frequencies of both English and Chinese vowels better than Chinese listeners, while discrimination of vowel-spectrally-matched noise was similar between the two groups of listeners. They argued that the better capacity of vowel formant discrimination for English listeners was due to the crowded vowel space of English. These studies indicated the importance of phonemic density on phonemic perception. Thus, the goal of this study was to examine this phonemic density model by measuring and comparing thresholds of consonant spectrum discrimination for Chinese and English listeners, i.e., the smallest change in consonant spectrum that can be detected. Given the two language have a similar number of consonants (e.g., similar consonant density), we hypothesized that the two groups of listeners would have similar performance in discriminating the spectral changes of consonants.
METHOD Participants
Participants were normal hearing listeners between the ages of 20 and 25 years old. Six participants were American English native speakers and six participants were Chinese native speakers. All participants were undergraduate or graduate students at the University of Texas at Austin. Chinese-native listeners started their formal school-based English education at 11-13 years old and their US residency was within two years.
Stimulus
American English consonants, /s/ and /th/ were used as speech stimuli. Each consonant was originally recorded in a /aCa/ phonetic context from a young female English native speaker. The consonant in the /aCa/ segment served as speech stimuli as well as the isolated consonant (e.g., with removal of the vowels). Thus, a total of four stimuli were used as the standard for the discrimination task. The spectral shift of consonants was conducted in MATLAB® as follows: first, the consonant stimulus was acoustically analyzed and a 3-D spectrogram (amplitude x time x frequency) was obtained; second, the spectrum of consonant stimulus between 3 kHz and 8 kHz was shifted by 1 to 200 steps with a step size of 11.9 Hz. All of the stimuli were presented with 10-ms rise-fall ramps at 70 dB SPL. Sound pressure levels of stimuli were measured at the output of the ER-2 insert earphones via an NBS 2-cc coupler that was connected to the microphone of a Larson-Davis (Model 2800) sound level meter with the linear weighting scale.
Procedure
Consonants, sampled at 24,414 Hz, were presented at 70 dB SPL through ER2 insert phones to the right ears of listeners, who were seated in a sound-treated booth. Stimulus presentation was controlled by the Tucker-Davis Technologies digital sound processor (RP2.1) and headphone buffer (HB7.1). Thresholds of spectral shape discrimination were measured for the four stimuli, using a three-interval, two-alternative forced-choice procedure with a two-down, one-up tracking algorithm, estimating 70.7% correct responses (Levitt, 1971 ).
For each test trial, there were three intervals with the standard consonant presented in the first interval, followed by a standard stimulus and a spectrum-shifted consonant randomly ordered in the second and third intervals. The inter-stimulus interval (ISI) was controlled at 400 ms. The listener's task was to indicate which of the two test intervals contained the consonant that sounded different from the standard one via button press on an LCD monitor with an image that simulated a hand-held button box. Listeners had 10 seconds to respond after the presentation of three intervals for each trial. Feedback was provided after listeners made a response. The consonants of the next trial were presented automatically 1 second afterwards. For each block, the spectral shift, starting at step 120, was adjusted in 5 steps for the first three reversals and in 1 step thereafter. Threshold for a single block was based on the average spectral shift corresponding to the last even number of reversals in the adaptive track, excluding the first three. The threshold of each condition was calculated by an average of two blocks, with each block consisting of 60 trials, unless formant thresholds for the two blocks differed beyond 3 steps in which an additional block was conducted. FIGURE 1. Thresholds of consonant spectrum discrimination for four consonants for Chinese-(CN) and English-native (EN) listeners.
RESULTS
Thresholds of consonant spectrum were shown in Figure 1 for English (EN) and Chinese (CN) listeners. A two-factor (between-subjects factor: listener group x within-subject factor: stimulus) analysis of variances (ANOVA) suggested that neither listener group (F 1, 10 = 0.028, p = 0.870) nor stimuli (F 3, 30 = 0.700, p = 0.560) had significant effects on the thresholds of consonant spectrum discrimination, while the two-factor interaction had no significant effect as well (F 3, 30 = 2.429, p = 0.085).
DISCUSSION
Results of the present study showed that there was not a significant difference in consonant spectrum discrimination between Chinese and English listeners, suggesting that phonemic density is a critical factor to determine listeners' sensitivity to spectral changes of the phonemes (Liu et al., 2012) . That is, denser the phonemic density of a language, better sensitivity to the spectral shift of speech phonemes in the language. English listeners performed significantly better in discriminating vowel formant frequency changes for both Chinese and English vowel stimuli than their Chinese peers, mainly due to denser vowel space in English than in Chinese. However, the two groups of listeners had similar performance of consonant spectrum discrimination because of the similar consonant density between the two languages. In summary, the findings of this study support the phonemic density model in speech discrimination and identification (Meuier et al., 2003; Liu et al., 2012) . Participants with more diverse language backgrounds with different phonemic density such as Spanish and Korean will be used in further studies to examine the phonemic density model.
